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Abstract
Quantum discord is a measure based on local projective measurements which captures quantum correlations that may
not be fully captured by entanglement. A change in the measurement process, achieved by replacing rank-one projectors
with a weak positive operator-valued measure (POVM), allows one to define weak variants of quantum discord. In this
work, we experimentally simulate the effect of a weak POVM on a nuclear magnetic resonance quantum information
processor. The two-qubit system under investigation is part of a three-qubit system, where one of the qubits is used as
an ancillary to implement the phase damping channel. The strength of the weak POVM is controlled by varying the
strength of the phase damping channel. We experimentally observed two weak variants of quantum discord namely, super
quantum discord and weak quantum discord, in two-qubit Werner and Bell-diagonal states. The resultant dynamics of
the states is investigated as a function of the measurement strength.
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1. Introduction
Quantum correlations play an important role in quan-
tum communication and quantum information processing
[1]. While quantum entanglement was discovered early on
by Schro¨dinger [2], Ollivier and Zurek [3] and Henderson
and Vedral [4], independently pointed out that a different
type of quantum correlations can exist in bipartite sys-
tems. The measure to quantify such correlations is termed
as quantum discord (QD) [3, 4]. The evaluation of QD is
computationally a hard task as it involves numerical opti-
mization and hence, alternative measures have been pro-
posed such as geometric quantum discord [5], Gaussian
geometric discord in continuous variable systems [6] and
relative entropy of discord [7]. The presence of nonclassical
correlations in bipartite states was measured experimen-
tally on a nuclear magnetic resonance (NMR) setup [8],
witnessed via a single-shot experiment [9] and its preser-
vation has also been explored using NMR [10]. Several
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recent studies have explored the advantage of nonclassical
correlations in quantum information processing even if the
state has almost null entanglement [11, 12, 13].
In classical information theory, the mutual information
between two random variables has two equivalent expres-
sions which can be computed from the respective Shan-
non entropies. In contrast, for quantum mutual informa-
tion, these two definitions give rise to different values as
one of the expressions requires the von Neumann entropy
conditioned by projective measurements. QD is defined
as the difference between total mutual information and
classical mutual information, wherein classical mutual in-
formation is found by determining the possible informa-
tion gain about one subsystem while measuring the other
subsystem via projective measurements [4]. What if one
replaces these projective measurements by weak measure-
ments? The crux of a weak measurement lies in the weak
interaction between the system to be measured and the
measuring apparatus. While originally the weak measure-
ments were used in the context of weak values [14], it was
later realized that any projective measurement can be ob-
tained by a sequence of weak measurements [15]. These
ideas have been used in several applications including the
observation of spin Hall effect of light [16], direct mea-
surement of single photon wavefunction [17], protection
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of quantum entanglement from decoherence [18], feedback
control of a quantum system [19], to amplify small trans-
verse deflections of an optical beam in a Sagnac interfer-
ometer [20] and for quantum state tomography [21, 22, 23].
Weak measurements allow us to define two different
variants of quantum discord, which stem from the fact
that QD can be defined in two mathematically equivalent
ways [24]. Weak measurements have been utilized in a new
definition of bipartite correlations through a weak vari-
ant of QD termed super quantum discord (SQD) [25, 26],
which is numerically greater than QD. Since then SQD has
attracted interest in various contexts in quantum informa-
tion processing [27, 28, 29, 30]. Recently, the question
of whether weak measurements can be used to gain more
information about correlations present in a quantum sys-
tem, was explored by formulating another weak variant of
QD termed weak quantum discord (WQD), which never
exceeds QD [31, 32]. While projective measurements re-
sult in a loss of coherence, the precise relationship between
decoherence and measurement needs to be clarified. Sim-
ulations of the phase damping (PD) channel have been
realized as projective measurements in NMR [33] and us-
ing this method quantum teleportation and the quantum
Zeno effect have been implemented in an NMR setup [34].
In this work we experimentally implement the effect of
a weak POVM via a phase damping channel, in two-qubit
states. The PD channel is a non-unitary operation used
to model the decoherence process [1]. We have also inves-
tigated the experimental behavior of two weak variants of
QD namely, SQD and WQD. The determination of SQD
and WQD from a bipartite state requires a weak mea-
surement on one subsystem instead of a projective mea-
surement. The result of a weak measurement on a Bell-
diagonal state and on a Werner state while finding SQD
and WQD, affects the state in the same manner as if a PD
channel was acting on it. We mapped the weak measure-
ment to a PD channel and the weak measurement strength
is controlled by tuning the strength of the PD channel. We
use three nuclear spins to encode three qubits, where the
two qubits are used to prepare two-qubit states and the
third qubit acts as an ancillary qubit used to simulate a PD
channel acting on one of the qubit of two-qubit states [35].
This study reports the first experimental implementation
of controlled weak measurements on an NMR hardware.
We successfully demonstrated that both SQD and WQD
approach QD as the measurement strength is increased.
This article is organized as follows: Sec. 2.1 describes
nonclassical correlations as quantified by QD. Sec. 2.2 and
Sec. 2.2.2 describes weak measurement and its application
in determining the SQD and WQD respectively, in two-
qubit states. Sec. 3 details the mapping of weak measure-
ment to the PD channel and Sec. 4 contains experimental
results of implementing a PD channel to observe SQD and
WQD. Sec. 5 contains some concluding remarks.
2. Quantum Discord and Weak Measurements
2.1. Quantum Discord
It was independently noted by Ollivier and Zurek [3]
and by Henderson and Vedral [4] that certain types of
mixed separable states have zero entanglement, yet contain
nonclassical correlations. Mathematically, QD captures
these correlations and is the difference between the total
correlation I(ρAB) and the classical correlation J(ρA|B):
I(ρAB) = S(ρA) + S(ρB)− S(ρAB)
J(ρA|B) = S(ρA)− S(ρA|B) (1)
where S(ρAB) = −Tr(ρAB log2 ρAB) is the von Neumann
entropy of the quantum state, ρAB is shared between two
parties A and B, ρA,B = TrB,A(ρAB) is the reduced den-
sity operator of a subsystem, and S(ρA|B) is the condi-
tional von Neumann entropy of subsystem A when sub-
system B has already been measured. Quantum discord
is then defined as:
QD(ρAB) = I(ρAB)−max J(ρA|B) (2)
where the maxima is taken over all possible projective mea-
surements on the subsystem B.
It turns out that we can also write quantum discord in
a mathematically equivalent form [24]:
QD(ρAB) = I(ρAB)−max I(ρ′AB) (3)
where ρ′AB is the density operator of the combined sys-
tem after a projective measurement over subsystem B has
been carried out. As has been discussed in a lucid manner
in [32] this alternative mathematical form that was origi-
nally introduced for defining QD for multipartite systems,
also leads to an alternative interpretation of QD and is
useful in generalizing QD to the weak measurement sce-
nario.
For a two-qubit system, projective measurements on
the single-qubit subsystem B can be characterized by the
Bloch sphere direction θ, φ. The corresponding projectors
Πθ,φ1 and Π
θ,φ
2 can be constructed utilizing two orthogonal
vectors as follows:
|ψ〉θ,φ1 = cos θ2 |0〉+ eiφ sin θ2 |1〉
|ψ〉θ,φ2 = − sin θ2 |0〉+ eiφ cos θ2 |1〉
Πθ,φ1 = |ψ〉θ,φ1 〈ψ|θ,φ1 and Πθ,φ2 = |ψ〉θ,φ2 〈ψ|θ,φ2 .(4)
The state of the subsystem A after a projective mea-
surement on subsystem B gives a positive result for the
projector Πθ,φj and can be written as:
ρA|Πθ,φj =
1
pj
TrB
[(
I ⊗Πθ,φj
)
ρAB
(
I ⊗Πθ,φj
)]
(5)
where pj is the probability of the measurement outcome
corresponding to the projectors Πθ,φj . The state of the
2
combined system after a measurement on the system B
can be written as:
ρ′AB =
2∑
j=1
[(
I ⊗Πθ,φj
)
ρAB
(
I ⊗Πθ,φj
)]
. (6)
The conditional von Neumann entropy required in Eq. (1)
is given by:
S(ρA|B) =
2∑
j=1
pjS(ρA|Πθ,φj ). (7)
QD can be computed by utilizing the above defined projec-
tors in Eq.(7), followed by substituting the parameterized
conditional entropy into Eq.(1):
QD(ρAB) = I(ρAB)− max{θ,φ} J(ρA|B) (8a)
= I(ρAB)− max{θ,φ} I(ρ
′
AB). (8b)
Thus one can compute QD in two different ways: by max-
imizing the J(ρA|B) or by maximizing I(ρ′AB) (which for
projective measurements turn out to be the same) over
θ ∈ [0, pi] and φ ∈ [0, 2pi], and substituting θ and φ back
into Eqs. (8a) & (8b).
2.2. Weak Variants of Quantum Discord
What happens if we replace the projective measure-
ment used to compute QD by a weak measurement? Weak
measurements, where the system-apparatus interaction is
weak, extract limited information from the system and
correspondingly disturb the system in a limited way. Re-
peated weak measurements lead to a strong or a projec-
tive measurement. The positive operator valued measure
(POVM) corresponding to the weak measurement is de-
fined through the operators:
P (x) =
√
1− tanhx
2
Πθ,φψ1 +
√
1 + tanhx
2
Πθ,φψ2
P (−x) =
√
1 + tanhx
2
Πθ,φψ1 +
√
1− tanhx
2
Πθ,φψ2 (9)
where the strength of the weak measurement is parameter-
ized by the real parameter x ≥ 0. The POVM operators
satisfy P (x)†P (x) + P (−x)†P (−x) = I. For x = 0, P (0)
reduces to 1√
2
I i. e. no measurement at all and in the case
of x→∞, P (x) and P (−x) reduce to the projectors Πθ,φψ2
and Πθ,φψ1 , respectively (as defined in Eq. (4)).
After the weak measurement, the state of the combined
system becomes:
ρxAB = (I ⊗ P (x)) ρAB (I ⊗ P (x)) +
(I ⊗ P (−x)) ρAB (I ⊗ P (−x))
(10)
The post-measurement state of subsystem A for each out-
come can be written as
ρA|P (±x) =
1
p(±x)TrB [(I ⊗ P (±x)) ρAB (I ⊗ P (±x))] .
(11)
Where p(±x) are the probabilities for P (±x). The ques-
tion now is: how can we define weak variants of quantum
discord?
2.2.1. Super quantum discord
If we take Eq. (8a) as the basic definition of QD and re-
place the projective measurement with a weak POVM (as
defined above), we obtain a straightforward generalization
of QD. This can be written down by first computing the
conditional entropy and classical information as:
Sx(ρA|B ) = p(x)Sx(ρA|P (x)) + p(−x)Sx(ρA|P (−x))
Jx(ρA|B) = S(ρA)− Sx(ρA|B ). (12)
In terms of the above, a weak variant of quantum dis-
cord can be defined which is called super quantum discord
(SQD):
SQD(ρAB) = I(ρAB)− max{θ,φ} Jx(ρA|B) (13)
which depends on the measurement strength x. The value
of SQD is always greater than QD because Sx(ρA|B) is al-
ways larger than S(ρA|B), as the weak measurement is per-
formed on subsystem B while disturbing the state weakly,
and reveals less information about the subsystem A. In
the limiting case of no measurement performed on system
B at all, Sx(ρA|B)→ S(ρA) and SQD discord will be equal
to the total correlations.
2.2.2. Weak Quantum Discord
SQD has the feature that it is always larger than QD
and has hence been found somewhat dissatisfying. A weak
generalization of QD is possible if we take Eq. (8b) to be a
fundamental definition of QD and replace the second term
with its weak equivalent [24]. This process allows us to de-
fine another weak variant of quantum discord called weak
quantum discord (WQD), which for a two-qubit system
can be written as:
WQD(ρAB) = I(ρAB)− max{θ,φ} I(ρ
x
AB) (14)
where ρxAB is the density operator of the composite system
after a measurement of strength x has been performed on
the subsystem B as given in Eq. (10). WQD as a quantifier
has the nice property that it is always less than QD and
in the limit x → 0 it approaches 0, while for x → ∞
it approaches QD. In the strong measurement limit, both
SQD and WQD become the same and are equal to QD. The
key observation which plays a role in these two different
generalizations of QD in the weak regime, is that the two
different equivalent expressions for QD do not remain the
same in the weak measurement regime. For interesting
and more detailed interpretations of SQD and WQD, the
reader is referred to Ref. [32].
3
3. Simulating Weak POVM Via a Phase Damping
Channel
A projective measurement collapses the state, thereby
killing all the off-diagonal terms (coherences) in the density
matrix, in the measurement basis [34]. The weak measure-
ment formalism, as described by Aharonov, Albert and
Vaidmann (AAV) [14] utilizes the weak interaction [36].
The weak interaction couples the system weakly with the
measuring device, and therefore the state of the system re-
tains its coherence partially, even after the measurement.
Later, Oreshkov and Brun [15] showed that any general-
ized measurement can be modeled by a sequence of weak
POVMs and for the two-qubit case are given in Eq.(9).
We consider two types of states to investigate the be-
havior of the quantities SQD and WQD (defined in the
previous section) with respect to measurement strength
and to compare it with QD, namely, the Werner states
and Bell-diagonal states. The two-qubit Werner states are
defined as:
ρws
AB
= z|ψ−〉〈ψ−|+ 1
4
(1− z)I (15)
where 1−z quantifies the amount of mixedness, 0 ≤ z ≤ 1
and |ψ−〉 = 1√
2
(|01〉 − |10〉). The two-qubit Bell-diagonal
states [37] are defined as:
ρbs
AB
=
1
4
[
I ⊗ I +
3∑
i=1
ci(σi ⊗ σi)
]
(16)
where (σ1, σ2, σ3) are the Pauli matrices and−1 ≤ c1, c2, c3 ≤
1.
The evaluation of SQD and WQD in both the states in-
volves an optimization over all possible projectors by vary-
ing θ ∈ [0, pi] and φ ∈ [0, 2pi] as given in Eq.(13). The op-
timization gives the highest possible classical correlations
at θ = pi and φ = pi for the Werner states as well for the
Bell-diagonal states. On substituting the optimal values
of θ and φ into Eq.(9), the weak POVMs get simplified to:
P (x) =
√
1− tanhx
2
|0〉〈0|+
√
1 + tanhx
2
|1〉〈1|
P (−x) =
√
1 + tanhx
2
|0〉〈0|+
√
1− tanhx
2
|1〉〈1|.
(17)
A single-qubit mixed state ρ on the Bloch sphere can be
expressed as:
ρ =
1
2
(I + rxσ1 + ryσ2 + rzσ3) (18)
where rx, ry and rz are the coordinates of the Bloch vector
and I is the 2 × 2 identity matrix. The effect of the sim-
plified weak POVM given in Eq.(17) on the single-qubit
state ρ can be readily computed and in the matrix form is
written as:
ρ =
1
2
[
1 + rz rx − iry
rx + iry 1− rz
]
⇓
ρ′
wm
=
1
2
[
1 + rz (rx − iry) sechx
(rx + iry) sechx 1− rz.
]
(19)
It is clear from the post weak-measurement state ρ′wm that
the off-diagonal terms are a monotonically decreasing func-
tion of the measurement strength x, leading to decoher-
ence. The extent to which the weak measurement deco-
heres the state ρ depends on the measurement strength
x.
We now turn to the PD channel, which causes loss of
coherence and leads to the decay of the off-diagonal terms
of the density matrix and can be described by a completely
positive trace preserving map described through the Kraus
operators [38]:
ρ′PD = E0ρE
†
0 + E1ρE
†
1
E0 =
1+
√
1−λ
2 I +
1−√1−λ
2 σ3
E1 =
√
λ
2 I −
√
λ
2 σ3 (20)
where the parameter λ ∈ [0, 1] represents the strength of
the PD channel. The action of the PD channel on a
general one-qubit state in the matrix form is given by:
ρ =
1
2
[
1 + rz rx − iry
rx + iry 1− rz
]
⇓
ρ′
PD
=
1
2
[
1 + rz (rx − iry)
√
1− λ
(rx + iry)
√
1− λ 1− rz.
]
The effect of the PD channel is similar to the weak POVM
on a single-qubit state, wherein the off-diagonal terms are
diminished. Since both ‘sechx’ and ‘
√
1− λ’ are monoton-
ically decreasing functions, they can be mapped onto each
other with an appropriate scaling factor. Therefore, the
action of the PD channel is in one-to-one correspondence
with weak POVM described in Eq. (9).
In order to implement the PD channel we follow an
indirect approach [35], wherein non-unitary operators can
be thought of as unitary operations on an extended quan-
tum system built upon the Duality Quantum Comput-
ing (DQC) framework [39]. This framework requires an
ancillary qubit. It has been demonstrated [35] that the
Kraus operator Ek describing the non-unitary transfor-
mation corresponding to the PD channel can be efficiently
implemented on a qubit if the unitary operators V , W ,
U0 and U1 can be found in the two-qubit space, where V
and W act on the ancilla qubit, and U0 and U1 act on the
target qubit controlled by the ancilla qubit. The operators
need to satisfy:
Ek(k = 0, 1) =
1∑
i=0
WkiVi0Ui (21)
4
|0〉
|0〉
|0〉
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Figure 1: (a) The quantum circuit in the left block creates a Bell-
diagonal state and a Werner state (ρ0⊗ ρψ) on two qubits ( ρψ),
with the third qubit (ρ0) acting as ancillary; H denotes a Hadamard
gate, R is a NOT gate in the case of the Werner state and I2 iden-
tity operation (no operation) in the case of the Bell-diagonal state.
The quantum circuit in the right block implements a phase damping
channel on one of the qubits of hence prepared two-qubit state using
an ancillary qubit. (b) NMR pulse sequences corresponding to the
quantum circuits where the unfilled rectangles denote pi
2
radiofre-
quency (rf) pulses, the filled rectangles denote pi rf pulses and the
shaded rectangles denote θ rf pulses where θ = −2 sin−1
√
1−√1−λ
2
,
and λ is the strength of the PD channel, lying between 0 and 1.
The phase of the rf pulse is given above each pulse and a bar over
a phase represents negative phase. The free evolution time intervals
τ12 and τ23 are given by 1/(2J12) and 1/(2J23) respectively, where
Jij represents the scalar coupling strength between qubits i and j.
where Wki is kith element of W operator, Vi0 is an element
of the first column of V operator and Ui is the controlled
operator. A comparison with the decomposition of Kraus
operators of the PD channel is given in Eq.(20). The uni-
tary operators V , W , U0 and U1 can be evaluated as:
U0 = I, U1 = σ3,
V = W =
1
2
√ 1+√1−λ2 √ 1−√1−λ2√
1−√1−λ
2 −
√
1+
√
1−λ
2
 . (22)
The quantum circuit to implement the PD channel is
shown in Fig. 1(a), where Werner states and Bell-diagonal
states (Eq.(15-16)) states are created on qubits 2 and 3,
qubit 1 acts as an ancilla, and the the PD channel acts on
qubit 3. The strength of the PD channel is controlled by
the V gate. The effect of the PD channel can be evaluated
by tracing out the ancillary qubit. Physically this was
achieved by performing the measurements on the state of
the two-qubit subsystem consisting of qubits 2 and 3, while
ignoring the qubit 1, as is shown in Fig. 1.
We are now ready to experimentally investigate the
behavior of SQD and WQD by varying the measurement
strength. It is important to mention here that in an NMR
set up the measurement is already weak (termed as an
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GPNAM[1]       SINE.100
GPZ1              35.00 %
GPNAM[2]       SINE.100
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GPNAM[3]       SINE.100
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GPNAM[4]       SINE.100
GPZ4              30.00 %
P16             1000.00 usec
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Figure 2: (a) Molecular structure of 13C-labeled diethylfluoroma-
lonate with the three qubits labeled as 1H, 19F and 13C. NMR pa-
rameters i.e. the chemical shift νi (in Hz) of each nuclear spin, spin-
spin coupling between them Jij (in Hz), spin-lattice relaxation times
Ti1 and spin-spin relaxation times T
i
2 (in seconds). NMR spectrum
of (b) thermal equilibrium state obtained after a pi
2
readout pulse
and (c) pseudopure state. The resonance lines of each qubit in the
spectra are labeled by the corresponding logical states of the other
qubits.
ensemble weak measurement) since the interaction of the
measuring rf coil with the nuclear spins is weak [33]. How-
ever, we are not using that weak measurement here. Our
weak measurement is simulated in a controlled way by the
PD channel, which is implemented with the help of the
ancilla qubit.
4. Experimental Implementation of a Weak POVM
As discussed earlier in Sec. 3, weak measurements can
be mapped onto a PD channel and the strength of the weak
measurement can be varied by tuning the strength of the
PD channel. For the experimental realization on an NMR
quantum processor, we realize the three qubits as the three
spin-1/2 nuclei of 13C-labeled diethyl fluoromalonate dis-
solved in acetone-D6. The 1H, 19F and 13C nuclear spins
are labeled as the first, second and third qubit, respec-
tively. It should be noted here that two-qubit system was
simulated by 19F and 13C nuclear spins while 1H spin was
utilized as the ancillary qubit. The molecular structure
along with relevant experimental parameters and corre-
sponding NMR spectrum of the thermal equilibrium state
are shown in Figs. 2(a) and (b) respectively. The Hamil-
tonian for a three-qubit system in a rotating frame under
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Figure 3: Real and imaginary parts of theoretically expected and the
experimentally reconstructed tomographs of (a) Bell-diagonal state
and (b) Werner state before (left) and after (right) PD channel im-
plementation at a measurement strength x = 1.2.
the weak approximation [40] is given by:
H = −
3∑
i=1
νiI
i
z +
3∑
i>j,i=1
JijI
i
zI
j
z (23)
where i, j =1,2 and 3 labels the qubit, vi represents the
chemical shift of the respective nuclei, Jij is the scalar cou-
pling constant between the ith and jth nuclear spins and Iiz
denotes the z component of the spin angular momentum
operators for the ith nucleus. We used the spatial aver-
aging technique [41, 42] to achieve the initial three-qubit
pseudopure state (PPS) |000〉 from the thermal equilib-
rium state, with the density operator ρ000 given by:
ρ000 =
(1− )
8
I + |000〉〈000| (24)
where  ∼ 10−5 represents the spin polarization at room
temperature and I is the 8×8 identity operator. The iden-
tity operator does not evolve and the measurable NMR
signal can be attributed to the deviation density matrix.
The NMR spectrum of the three-qubit PPS is shown in
Fig. 2(c). The experimentally prepared PPS was tomo-
graphed using full quantum state tomography [43]. The
state fidelity was found to be 0.981± 0.006 and was com-
puted using the Uhlmann-Jozsa measure [44, 45]:
F =
[
Tr
(√√
ρthρex
√
ρth
)]2
(25)
where ρth and ρex denote the theoretical and experimental
density operators, respectively and F is normalized using
F → 1 as ρex → ρth. All the experimental density matri-
ces were reconstructed by performing full quantum state
tomography [43] using a set of seven preparatory pulses
{III,XXX, IIY,XY X, Y II,XXY, IY Y }, where I repre-
sents ‘no-operation’ and X(Y ) denotes local pi2 unitary ro-
tation with phase x(y) which is implemented by applying a
spin-selective pi2 pulse. We performed all the experiments
at room temperature 293K on a Bruker Avance-III 600
MHz FT-NMR spectrometer equipped with a QXI probe.
The quantum circuit to implement a weak measure-
ment, simulated by a PD channel, is shown in Fig. 1(a).
The left block in the circuit creates a Werner or a Bell-
diagonal state (ρ0⊗ ρψ) on two qubits (ρψ) with the third
qubit (ρ0) acting as ancillary; R is a NOT gate in the case
of the Werner state and a ‘no-operation’ for a Bell-diagonal
state. The right block in the circuit depicts a PD channel
acting on the one of the qubits of two-qubit state using
an ancillary qubit, and the strength of the PD channel be-
ing controlled by a local rotation achieved by the V gate
acting on the ancillary qubit.
Table 1: Experimental (Exp) results of weak measurement strength
x varied in a Werner (W) and a Bell-diagonal (BD) state while im-
plementing the PD channel.
Theory x Exp x (W) Exp x (BD)
0.00 0.091 ± 0.047 0.069 ± 0.036
0.34 0.503 ± 0.018 0.373 ± 0.002
0.55 0.666 ± 0.015 0.548 ± 0.005
0.75 0.831 ± 0.016 0.721 ± 0.005
0.95 1.016 ± 0.016 0.907 ± 0.004
1.20 1.215 ± 0.020 1.103 ± 0.007
1.50 1.479 ± 0.024 1.350 ± 0.007
1.75 1.819 ± 0.045 1.667 ± 0.018
2.00 2.122 ± 0.046 1.937 ± 0.018
2.50 2.454 ± 0.062 2.213 ± 0.026
3.00 3.242 ± 0.151 2.795 ± 0.042
3.50 3.758 ± 0.095 3.448 ± 0.069
4.00 4.107 ± 0.167 4.259 ± 0.123
4.50 4.402 ± 0.062 4.575 ± 0.069
5.00 4.839 ± 0.137 5.030 ± 0.180
Experimentally, we prepared a Werner state with mixed-
ness strength z = 0.8. The second term on the RHS
of Eq.(15) is a singlet state and was created experimen-
tally, followed by quantum state tomography (QST). To
obtain the Werner state of a desired z value the QST gen-
erated singlet state was numerically added to the iden-
tity and thus, a Werner state with fidelity 0.990 ± 0.001
was created. Next the Bell-diagonal state with c1 = 1,
c2 = −1 and c3 = 1 was prepared experimentally with
fidelity 0.980± 0.002. The next step is to perform a weak
measurement on the second qubit (treated as a subsys-
tem of the two-qubit system). As described in Sec. 3, the
weak measurement is simulated by the PD channel and the
strength of PD channel is controlled by the real parame-
ter λ which is related to weak measurement strength x as
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Figure 4: Plot of SQD and QD with measurement strength (x) for
the two-qubit experimentally prepared (a) Werner state and (b) Bell-
diagonal state. The solid and dashed lines represent the theoretically
computed values while the filled circles and triangles represent the
experimental values of SQD and QD, respectively.
λ = 1 − sech2 x. We implemented the PD channel on the
one of the qubits of the prepared Werner state using the
ancillary qubit and the strength of the PD channel was in-
creased corresponding to weak measurement strength x as
shown in Table-1. We performed a similar experiment for
the Bell-diagonal states, which was directly prepared from
the left block in the circuit as depicted in Fig. 1(a) and the
PD channel was implemented with increasing weak mea-
surement strength x as shown in Table-1. All the exper-
imentally prepared three-qubit states were tomographed
before and after implementing PD channel. Both the two-
qubit Werner and Bell-diagonal states were reconstructed
utilizing QST and tracing out the ancillary qubit. The to-
mograph of one such experimentally reconstructed density
matrix of both initially prepared states is shown on the
LHS of Fig. 3(a) and Fig. 3(b), respectively. The tomo-
graphs on the RHS of Fig. 3(a) and (b) depicts the states
after the action of the PD channel corresponding to the
weak measurement strength x = 1.2.
We investigated theoretically and experimentally, the
behavior of SQD, WQD, and QD present in both Werner
and Bell-diagonal states while increasing the measurement
strength x, and the results are plotted in Fig. 4 and Fig. 5,
respectively. Our results show that in both types of states,
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Figure 5: Plot of WQD and QD with measurement strength (x) for
the two-qubit experimentally prepared (a) Werner state and (b) Bell-
diagonal state. The solid and dashed lines represent the theoretically
computed values while the filled circles and triangles represent the
experimental values of WQD and QD, respectively.
the value of SQD is always greater than QD and is max-
imum at zero measurement strength, which implies that
the measured state is undisturbed. On the other hand, as
a quantifier WQD is never greater than QD and allows the
researcher to navigate the region between x −→ 0 when
no measurement is performed (and quantum correlations
are intact) and x −→∞ when a projective measurement is
performed (and quantum correlations are destroyed). Fur-
thermore, as evidenced from Fig. 4 and Fig. 5, both SQD
and WQD approach QD as the measurement strength in-
creases. Our experimental results are hence in consonance
with the theoretically expected behavior of the quantifiers
of discord for the case of a weak measurement.
5. Concluding Remarks
We have implemented a weak POVM, exploiting its
relationship with the PD channel, on an NMR quantum
information processor. The noise induced by the PD chan-
nel has been exploited to mimic the disturbance intro-
duced by a weak measurement process. The weak POVM
was experimentally applied to find the SQD and WQD in
two classes of bipartite quantum states, namely, the Bell-
diagonal state and the Werner state. The SQD and WQD
were contrasted against QD and it was observed that both
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these quantities converge to QD as the strength of the mea-
surement increases. The monotonicity of SQD and WQD
was also confirmed. Our results could be useful for itera-
tive experimental information processing protocols which
seek to disturb the state only slightly. Although the in-
terpretation of weak variants of QD remains elusive, this
work opens up the possibility of further experimental in-
vestigations on such variants, which could potentially ex-
ploit correlations beyond QD [46, 47].
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